Equations of State for Cu, Ag, and Au for Wide Ranges in Temperature
and Pressure up to 500 GPa and Above
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New constraints on the volume dependence of then€isen parametery(V)) are

derived from a comparison of earlier shock wave data with more recent ultrasonic data
for the bulk modulusk, and its pressure derivativi§; in the frame of a rigorous
Mie—Grineisen model. This model uses a specially “Modified pseudo-Debye—Einstein
model” for an accurate representation of the thermal energy and pressure. Within this
framework, previous discrepancies between shock wave and static data concerning the
equations of state for various reference matef(iéts Cu, Ag, and Au are resolved, the
corresponding pressure scale is refined, and the uncertainties in this scale are estimated.
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1. Introduction

=U(p,T), determine completely the corresponding thermody-
namic potentials, i.e., the internal energy=U(S,T), the
(Helmholtz free energyF=F(V,T), the Gibbs potentia
=G(p,T), and the enthalpyH=H(p,S) with respect to
their “canonic” thermodynamic state variables given here in
brackets.

The general problems involved in experimental determina-

523tions of EOS were reviewed recenfly.It should be recalled

here that various more or less semiempirical forms exist for
the analytical representation of isotheris V+(p), or adia-
batsV=Vg(p) and for the inverted forme=p(V) or p

524 =pg(V). For the representation of shock wave results, spe-

cial forms for Hugoniot datg=p(V) have been derived.
For the complete description of the correspondiy’, T)
or p(V,S) surfaces, T or S dependent parameters like the

524 isothermal bulk moduluk ;= —V-dp/4V|y, and its isother-

mal pressure derivatives, like Ki=0K/ap|t
=—gInK/dn V|; and Ki=?K/ap?|t=— (1K)
-9K3/dInV|;, or the corresponding adiabatic quantities,

Kg, andKg are commonly used. However, extrapolations of
the resulting relations beyond the range of experimental data
are usually dangerous, if the relations are not based on rig-
orous theoretical models.

Therefore, rigorous models for the “cold” EOB.(V),
related to the ground state energy of the sdidV), are
commonly established, in a first step. In the second step
some models are used for the thermal presstre

Pir(V,T)=p(V,T) =pe(V) = y(V, T) - Un(V, T)/V a

to relate py, to the thermal energyJy,, by the use of a
“thermobaric” Gruneisen parametesy,,, defined by this re-
lation. In the simplest case, usually called “Mie—@eaisen
solid,” it is assumed that),= 0-u(7) with 7=T/6. The
volume dependence adf, is represented only through the
characteristic temperatu® V) with its Mie—Grineisen pa-
rameter

v¢(V)=—dIné/dInV, (2

which is equal toyy, within the Mie—Gruneisen approxima-
tion.

So far, the functional form ofi(7) is completely free and
the use of a Debye model far(7) involves rather rigorous
assumptions, which can be avoided by far more flexible
pseudo-Debye models.

On the level of a rigorous Mie—Gngisen approach with a
pseudo-Debye model for the lattice heat capacity, one can

One basic problem in solid state physics, geosciences, arfietermine the thermal phonon energy and entropy, the func-
even in planetology, is the precise thermodynamic characteflonal form foru(), and the value fop at ambient pressure
ization of the materials present in objects. A first step in thiso from data for the heat capacity at ambient pressure
direction involves equations of staEOS), most commonly ~ Cpo(T) 0r C,o(T). Only the volume dependence of the
in the form of a pressure—volume—temperat(p®T) rela- .
tion. More generally, adiabatic pressure—volume—entropy The thermodynamic definition of the Greisen parameter
(pVS relations or caloric data for the internal enerdy,

=U(p,T), are needed also in many cases. It is clear from

basic thermodynamics that two of these relatibidike the
“thermal EOS” V=V(p,T), and the “caloric EOS” U
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Gruneisen parametey,(V) remains to be determined.

Yn(V,T)=a-K;-VICy=a-Kg-VIC,, (3

on the other hand, relates the thermal volume expansion co-
efficient, the bulk modulu; or K, the (specifig volume
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V, and the(specifig heat capacityCy or C, to each other in In addition to these three constraints #(V), shock wave
such a way that an almost temperature independent ratidata are often used with “iterative proceduré€?2-27to
1, IS obtained. From microscopic models, some temperaturebtain a best fit of both the cold EOS and some empirical
dependence of thisy,, can result from a dispersion form for y(V) with respect to the Hugoniot pressure of the
of  the “mode Grineisen parameters” vy,  shock wave data.
=—dIny,/dInV, wherebyi and k denote the different However, instead of going through an iterative procedure,
branches and vectorsk of the phonon dispersion curv@s.  a further constraint for/(V) can be derived more directly
This temperature dependence wf usually leads only to from shock wave data for “regular” solid§.e., for solids
minor modifications of the thermal pressyg(V,T) at low  without any structural phase transitions or electronic transi-
temperaturesT< 6), which can be neglected in the follow- tions in the region of interestin fact, it is well knowf+?8
ing discussion. At high temperature3> 6) on the other that many “regular” solids show regular linear relations be-
hand, intrinsic anharmonicitiés®!! lead to a temperature tween shock wave velocities; and particle velocitiesu,
dependence ofy,, which can be taken into account in first with the implicatiort®2°~*2that the corresponding Hugoniot
order with an anharmonicity parametér, and with §,  pressurepy is represented with respect to the relative vol-

=—dA,/dInV in the forms umev = V/V, by the relation(previously also named MSP
Upn=3NkO(V)-u(7)-(L+As-(27-u’'(7)—u(7)) Pu=Kno- (1—v)/(1—c-(1—-v))?, (5

and with Ky, andc as free parameters determined, respectively,
yi= 7 (1= 28x-U(7)). 4) from the initial value and the slope of the linaay—u, rela-

o o tion. If the linearus—uy, relation holds perfectly down to
The usual Mie—Groeisen approximation, however, corre- ambient pressure, the parametétgs, and Ko=4-c—1
sponds t0dyy/dT|y=0 or 5,=0 with a single y=yn  could be related to the isothermal valieg, andK /. How-
=7Yw= "7y Later discussions of the experimental data forever, small initial nonlinearities in thes—u, relationg® to-
Cu, Ag, and Au will show that the EOS data are fitted rea-gether with problems related to the Hugoniot elastic limit at
sonably within this simple Mie—Gneisen approximation moderate shock compressidhsestrict the precision in this
only at moderate temperatures, but anharmonic contributior@xtrapmaﬂon at low pressures.

with 6,# 0 are required for an accurate representation of the Nevertheless, linear extrapolations of the-u,, relations

EOS data at higher temperaturésx6). towards strong compression point to another special feature
of Eq. (5). At the critical volumeV,, or at the critical volume
2. Constraints on  y(V) ratio v.=V./Vo=(c—1)/c, the Hugoniot pressure

pu(Ve)= diverges This divergence implies that strong
For a decision about the most reasonable form-fev) shocks in this region lead only to stronger heating and to a
one has to consider in detail the available theoretical angivergence of the thermal pressyrg(V.), whereas the cold

experimental constraints. First, and in general, accurate e)gr?rshsure 1;Iorkth|s cr||_;c|cal c_ortnprlef_smn k:e:nams R]nlte. g
perimental data foy,, the value for ambient conditions, can € well-known Hugoniot refalions between the measure

be found in the literatur@ or by the use of more recent data YE!OCitieSus—u, and the deduced values for the shock pres-
for ag, Kg, Vo, andC,,. Second, in a recent discussion of sure (o) on the one hand anq for the internal energy,
the EOS data for Cu it was also shdwhat data on the ©nthe eoi%h3(alrsgand both at the final state volurii¢ ¢an then
temperature dependence of the isothermal bulk modulus &€& US€ with
gmbient pressurgo(T_) can be used t(_) estimate_ Fhe normal-  p,=p(V)+pn(V.T), Uu(V,T)=E(V)+UxV,T),
ized volume derivative ofy at ambient conditions]" o
= gIn y/dIn V|1 ,—, with an uncertainty of typically 20%. and

A third constraint is given usually by, , the value ofy at Ph=(¥IV)- Uy,
very strong compression. Theoretical considerations of a lat- . . .
tice of positive ions in a degenerate electron'da predict 0 derive a rigorous relation foy,
a value ofy,,=1/2, whereas the value for a degenerate elec- _

. . : PH(V) —pc(V)

tron gas isy.=2/3. Often this last value is favored for Yu(V)=V- Ua(V)—E (V)
solid$®-2"probably due to the fact that the linear tempera- H ¢
ture dependence of the electronic specific heat of the degeia the limit of V—V,, as discussed beforgy and Uy
erate free electron gas will dominate over the phonon contridominate ovep, andE., respectively, and one obtafhs
bution when the Debye temperature is increased sufficiently. -~ B
With reasonable values for the initial Fermi energy, for the Ye=2:(c=1)=2-vc/(1-ve). ™
initial Debye temperature, for the Qraisen parameter, and In other words, independent of the special form f(V),
for the initial reference temperatur€z(<1000K), one can linearus—u, relations give one additional constraint fpby
estimate that this crossover occurs at more than tenfold conthe valuey, at the critical volumé/,. One may object that
pression. Within a rigorous Mie—Gneisen model the elec- this value ofy, is obtained by extrapolation. However, this
tronic y,,=2/3 should then be adopted for this range. extrapolation is not so critical, since the experimental values

(6)
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Fic. 1. Determination ofy; from shock wave data for Cu. For details see
text.

for the volume in the shocked state already come clodé.to
and the extrapolation iry— vy, is rather smooth in Eq6).
To gain more insight into the approach ¢f y., one can
also calculate directly the variation gf(V) from the form
Eq. (6) with Uy=(Vo—V)-py/2 andpy(V) from Eg. (5
together with different forms fop.(V) andE.(V). For the
sake of simplicity, just two similar forms fqu (V) are used
in the further discussion.

The form

pP=3-Ko-(1—x)-x""-exp(Czn-(1—X)) 8
with x=0v13=(V/Vo)¥® andc,,=(3/2)- K{—n+1/2 can be
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Fic. 3. Determination ofy; from shock wave data for Au. For details see
text.

excitations® In this way the average values forwith esti-
mated errors were obtained, but only the corresponding val-
uesK/,,=4-c—1 are given in Table 1, to allow for a direct
comparison with values for the isothernt@f as most rea-
sonable average values, which were derived from ultrasonic
data’**~*" For the curves labeled ER2 and H02, respec-
tively, equal values for the isothermal and Hugoniot values,
Ko=Kyg, in Egs.(6) and (8) were used. Due to the slight
curvature of theus—u, relations neaw=1 and the corre-
spondingly different values foiK,, from linear high-
pressure extrapolations, an upper estimate for the matio
=Kyo/Ky=1.08 was introduced for the curves BRand
HO2r in all three cases. Figures 1-3 show clearly that the

considered to result from a nearest neighbor interaction by agritical valuesvy, represent lower limits and more reliable

“effective” Rydberg potential, whem=2 is selected, and
therefore it is called ER2 fan= 2. Previously, this form with
n=2 was called “universal” EO% also somewhat more
systematically MV2, when it was showhthat only the ex-
ponentn=5 results in the correct asymptotic behavior at
very strong compression. With=5 this form was named
HO2. In both casesk(V) can be obtained by integrating

fiducial valuesy; may be obtained at somewhat larger vol-

TaBLE 1. Primary data for the determination of the present EOS forms.
These data include estimated uncertainties for the “best” values from the
literature.

. . Tr=300K Cu A Au Ref.
p.(v)dv. The results with respect to the evaluation of the_* 9
shock wave data for Cu, Ag, and Au are shown in Figs. 1—3 Vor/nm’ 0.01181%1) 0.0170571) 0.0169591) a
for different parameter sets. First of all, the parametesas KOR/,GPa 133.22) 101.02) 166.12) b
. . . Kor 5.40(15) 6.1515) 6.2015) c
derived from shock wave daf,discarding data forv , 502 5603 5603 d
. . . HO . . .
<0.7, which could be effected by melting and electronic 4, /k  34202) 2283) 1653) e
Yo 2.0010) 2.4510) 3.0510) f
T 1.405) 1.705) 2.405) g
2.0 T T T T T T T T T fq 0.54 0.50 0.50 h
f, 0.86 0.90 1.10 h
Y Ag A, 0.0052) 0.0012) 0.0012) h
B ] S 0.0305) 0.0301) 0.0333) [
Opav! Opo 1.125) 1.135) 1.295) h
15 Yow — aSee Wyckhoff*
...... Yera PUltrasonic data, see Refs. 36—45.
,,,,, = Yron Ultrasonic data, see Refs. 43-45.
- - Ve ] 9Shock wave data, see Refs. 23, 28, 58—60, 62, 64, 67, 68.
L éGschneidnet?
| | | ' | | | T""’ fFrom Refs. 12, 23, 43 and reevaluation with additional datavfgr K,
1.0 . @g, Cp from Refs. 55-57.
0.3 0.4 0.5 0.6 0.7 v 0.8 9Present fit ofVy(T) data(Refs. 55 and 56andKy(T) data(Refs. 39, 44,

Fic. 2. Determination ofy; from shock wave data for Ag. For details see
text.
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45) with MoDE2 ansatz.
_hPresent fit ofC,(T) data(Refs. 56 and 57with MoDE?2 ansatz.
'From a recent fitt of y,,0(T) data with MoDE2-ansatz.
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Fic. 4. Comparison of different forms fop(v) of Cu. For details see text. Fic. 6. Comparison of different forms fop(v) of Au. For details see text.

umes. Best estimates ofy(v) for v1<<0.5 are shown in gispersiond:&3148-51\jith different assumptions about the
Figs. 1-3, whereby a polynomial expansion with respect tQ,ojyme dependence of Poisson’s ratio and with a “free vol-

6=(vi/vc)—1 in the form ume theory,” respectively, three different forms ferwere
2.0, 5 derived by Slatef® Dugdale-MacDonald?® and
YH(6)= 1o 1+ 10 (1-a-98)? (9)  Vvashchenko-Zubare¥. The original form from Slater
C c
with a=38(2)(1-v.)%v?2 gives reasonable values for all Ys.=K'(v)/2—-1/6 (10

three cases. The total uncertaintyyip(v;) can be estimated was modified in the later approaches by the subtraction of
by upper and lower bounds an in each case together with the term
upper and lower bounds fa with its prefactor 3&). The ,
best fiducial valuey; may be obtained now fof~0.15 or e=m-(K=K'-p)/(3-K=2-m-p) (1D
for v¢=0.5 just at the upper end of the experimental regiorwith*® m=1 or®%! m=2, respectively. Since no universal
of the shock wave data, where electronic excitations are stiNalue of m can fit the experimental data foy at ambient
negligible and where the divergence of the different curves isonditions®*® one may considem as an adjustable param-
still rather small. The total uncertainty in this best fiducial eter with respect to the value ¢f. This kind of generalized
value y; atv;=0.5 is then expected to be less than 10% asSlater form
illustrated in Figs. 1-3 by the corresponding error bars. o ,

With these constraints op(V), now one can test various ves=K'/2=1/6=m- (K=K"-p)/(3-K=2-m- p)’(12)
analytical forms or “theoretical” results present in the litera- ) o .
ture in comparison to some form, which appears to be mog#ith m=3-Kg/2—1/2—3- v, is labeled in Figs. 4—6 with

appropriate for the tabulation of EOS data for reference ma?es: Since it had been shown that this form with noninteger
terials. value form can be derived from central force models, when

correlations of the motions for neighboring atoms are taken
into accounP?°3In fact, this Barton—Stacey formgs shows
some interesting features, which are illustrated in Figs. 4-6,
where the other forms fan=0, 1, and 2 with the labels SL,

Many earlier discussions on the volume dependence of DM. and VZ. respectively. are also presented for compari-
were related to the Debye approximation for the phononson' ' P Y, P P

h49

3. The Volume Dependence of y

All these forms can be derived for strong compressions
only if the correspondingp(v) relation, with its derivatives
K(v) andK’(v), is also known. In Figs. 4—6 only thater-
polating EOS form AP2 for(regulay solids under strong
compression is used with the appropriate parametafs,
Ko,Kg, andZ for Cu, Ag, and Au from Table 1, recalling
that this form AP2 is givehby

1-x
p=3.K0-F-e°o<1-X>.(1+c2-x-(1—x)), (13

with
ol—— L+ 11
00 02 04 06 08 10 Vv 1.2 x=(VIVq)? c,=(3/2)-(Ky—3)—cq
Fic. 5. Comparison of different forms foy(v) of Ag. For details see text. Co=—In(3-Ko/Prco)

J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001



520 HOLZAPFEL, HARTWIG, AND SIEVERS

TasLe 2. Fiducial valuesy; derived from thekj,, values of Table 1 and  comparison with the experimental data in Table 1 shows that

comparison with calculated values fogg and T g0 as discussed in the onIy the value 1.07 for Cu in Table 2 is significantly smaller

text. Additional secondary parameteX,, vy, A, B, Ay, and p,/ 6po A .

are given for a convenient representation of the EOS data. than the Iowgr I]m|t for the experl_mental value. Howevgr, the
total uncertainties of the “experimental” values fbr,, in

Tr=300K Cu Ag Au Table 1 are also not well known, since these values are de-
I 550 1.0714) 1.4613) 2.248) rived by best fits ofVy(T), Ko(T), "and Ko(T) under the
Yos 1.363) 1.573) 1.673) assumption that the extended Mie—@eisen model witt,
¥t 1.3613) 1.6416) 1.6416) andé,# 0, discussed in detail later, is a good approximation.
Vi 1.411) 1.351) 1.351 On the other hand, one can notice in Figs. 4 and 6 {hat
v é'gg é'ig é‘% for AP2 passes almost exactly through the reference value
B 0.62 112 078 v¢, but in the case of AgFig. 5, one can see a small
Ay, 0.51 0.78 0.65 difference betweenygs and y;. These differences between

vsc and ygg (based on APRcould either be used as esti-
mates for the uncertainties still involved in the evaluation of
v(v), or they can be used to define a correction tefm, p)
and for ygs for instance in the form of a series expansion of
Proo=arc- (Z/V,)52. e(m,p) aroundv=0 or 1 using the' previous constraints for
_ _ _ Yo, I'yo, ¥-, andy;. However, this approach leads to un-
With respect to the previously used form HO2 given byreasonable variations, and it is clear that these unreasonable
Eq. (8), the form AP2 is modified in such a way that the anomalies can be traced back to the fact that all these forms
correct Thomas—Fermi limit is obtained at very strong com<or any m take into account primarily mode Qraisen pa-
pressions. For this purpose; involves the effective Fermi  rameters for the long wavelength phonons, which must di-
gas pressure for ambient conditignisso, which contains the  yerge forv—u, like K'(v), wherebyv, represents the ex-
universal parametearg=23.37 MPanm for the Fermi gas.  trapolated “rupture volume” for which (v,)=0. In fact, all
With this form AP2 as well as for the form HOZs ap-  the other mode Gmeisen parameters may behave more
proaches for any value ofi the same value..=2/3 at very  regularly nearv,, and therefore the factor 1/2 in front of
strong compression. However, the adjustable paranmater K’(v) could be adjusted to a smaller value to give a
effects the(normallized slope ofy at ambient conditions by = smoother variation ir:(v). Tests along this line lead to the
its correlation to the experimental value fog, and one opservation that such a prefactor figf (v) becomes quite

obtains small, equal to 0.15 for Cu and 0.08 for Au, or even nega-
I eso=(—3-Ko-K§—(3-Ky—1—6- ¥,) tive, depending on the ot.her constraints. This means that the
form of K'(v) seems to imply unreasonable constraints for
X(2-yo+1/3))/(6- o). (14 y(v). If one wants to keep in the expansion gfv) for v

The experimental values for the slofigy at v=1 from —uv, at least one term which qualitatively reproduces the

Table 1 are represented in Figs. 4-6 by the slopes of th@_\/ﬁrger}pe gK (U)daav_)é).” or;;le may use a S|mplerbf0rm
curves labeledysc, which include all the experimental and W'td bpre IX€du, 1” :1 € al Justable parameters, yo, by,
theoretical constraints, to be discussed later, and which af@'9P2 as given y the relation
considered to represent the “best fit” to all the available YWR= Yoot b1 0/ (v, — V) +bo-v+bsv-(1-0),
data. As one can see in Figs. 4—6 the slopesygf at v 15

_ (15
=1 for the EOS form AP2 come very close to the experi-
mental data in the cases of Ag and Au. In the case of Cu, Fig!!

4 shows a significant difference in the slope of the cuyye By=(4-vi—v.—3 - yot va-T- )2 v.— 1) (0. —1)2
with respect toysc at v=1. The other Slater type forms 1=y [CARCREDICR RS At
YsL» YoM » Yvz Show their specific deviations from the experi- b= Y.—b/(v,—1),

mental value at ambient conditions but converge all to the
same value at =0, if the same EOS form AP2 is used in all 21d
three cases. However, the constrainigg incorporated into

vgs May be regarded as somewhat rigorous and reasonable
only for “reasonable” EOS forms. On the other hand, oneA similar form withb;=0 and a free parametey, instead of
can consider some of this discrepancy with respeatgtoin ~ the prefixed rupture volume, can be found in the
the case of Cu also as a hint, which indicates that the experliterature}® however, without the linear term in. With the
mental value fol, given in Table 1 may be slightly too linear term and the previous constraints one obtains the fol-
large in this case. On the other hand, the estimateF fgg,  lowing form:

based on the slopes ofzs given in Table 2 represent only

the average values derived from the forms AP2 and HO2
with an “error estimate” giving the maximum deviation
from these average values and not a true error estimate. With

b3= o= ¥=— Yo' T ot b1/ (v, — 1)

WA= Yoo T Da-v/(Va=v) +(vo— Y —bal(va— 1)) v,
(16)
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Va=1+ (Yot Y2 ¥/ (4- ¥1— ¥ = 0 (3—T'10)),
and
ba= (7o' T 5o+ ¥»— 7o) (va—1)%

In fact, the behavior of this form is very similar to another
recently considered forffi from the point of view that the
fitted value ofv, may fall into the range €v <1 with the

effect thaty,, may show unreasonable divergencies in the i 000w |
“experimental” region. Thereforey, is not taken into ac- L
count any further. o —4————t—tll
L . 0.2 0.4 0.6 0.8 1.0 1.2
Some other forms of(v) for applications over extended 0.0 Vv

pressure and temperature ranges including both the solid and _ o _ _

the fluid phases avoid the singularity expected in the regiof's: 7- Most likely variation ofy(v) for Cu given byysc with probable
. ncertainties. For comparisom,,., as well asy,g, are also shown.

v>1, where the solids become unstable, but keep a maxi= - o PaISOfme, 85 Well aSyve W

mum at the corresponding volume. One of these féfms

YeL= Yoot (Yo— V=) -v- (1 +vE ) (v2+0v3)) vmc Can be extended also to strong compression by an addi-

_ ) N _ tional term, which maintains all the previous constraints and
allows one to adjust onlyg, to one additional constraint, adds a linear approach towargts

either toy; or to the slopd’ ;. 5
Some other common forrfislike Ysc= Ymet A¥e (20 —1)(1—v)%, (19
YaB= Voo T (Y0~ V=) - 01 with
17,19 IN( s/ o) =IN(Opc/ 6) +Aye

-(In(v)+(13—11-v+4-v?)(1—v)/6).

) ) ] ) ] In fact, this form needs only experimental data and no ex-
will not be discussed in further detail here, since these form?rapolation of any EOS as, for instance, all the forms related

appear to be more suitable for cases where the experimentg) g|ater's approach and alsp,s, which requires an ex-
information is more limited either with respect B0, ¥, trapolation to obtaim, . In any case, it is interesting to note
or y.. (for instance due to phase transitions that the input dat&, andK/, from Table 1 for Cu, Ag, and

However, one other form seems to be interesting, since i, rasult with any of the EOS forms AP2, H02, and ER?2 for
follows within the regiorv > 1/2 the variation represented by v, the values in Table 2, which are quite close to the values

or

YTIL=Y0 U+ Vo (1—0)"

Yvr, very closely, but analytically it is much simpler vq derived from the independent input datg, T o, and y;
Yme=Al(vg—v)+B, (17) (based on ¢ For the practical use of Eq&L8) or (19) Table
2 gives then the secondary parame®y®, vy, andAvy.,, .
with
A=(y,—B)-(vg—1), 4. Discussion of ¢(V) for Cu, Ag, and Au
B=7%0- (110 (vg—1)), First of all, Figs. 7-9 illustrate that the formg,., ¥sc,
Yo— ¥i and yyr represent very similar variations within the “experi-
=1+ :
vd 70'Fy0—2'(7’o—7f)
and

Ay,=Alvyg+B—1vy,,

which is significantly different from zero for Cu, Ag, and Au
as shown in Table 2.

Therefore, this form is reasonable only for moderate com-
pression and only fovy>1, or in other terms fod" ,>2
-(1—v¢/v), which holds at least for Cu, Ag, and Au. This
form ync can easily be integrated in closed form to give the

very useful relation ol e
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Omc A Vg™V v
Inl—|=|—]-1In — (Yot Av,)-In(v).
0o Uy vg—1 Fic. 8. Most likely variation ofy(v) for Ag given by ysc with probable

(18 uncertainties. For comparisof,,., as well asy,r, are also shown.
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0
0.

Fic. 9. Most likely variation ofy(v) for Au given by ysc with probable Fic. 11. Comparison ofygg values evaluated from different EOS forms
uncertainties. For comparisom,,., as well asy,g, are also shown. discussed in the text with respect to the besy§¢ and its likely uncertain-
ties for Ag.

mental” region 0.5<v=<1. Only for extrapolations to
smaller values ob may one useyg. or yyg. Again, in this
region, both of these forms result in very similar variations
with respect to the estimated uncertainties. It should b

gotedf, hovill_e\gr, 1thaty5° USes onlyl thed ex;l)erlmgntal .lr;]put adjusted only to fityy, small deviations in the initial slope
ata from Table 1 and no extrapolated values ke wit I' o and with respect to the fixed point; have to be ex-

its predetermined value for the “rupture volume’ . Due to pected. The second order BiréBE2) and Vinet(ER2 type

thlfs fact, trle CUYVE%C \'Nkl:l Ee used fromdpow on as “gels'[ EOS forms, on the other hand, lead to divergences under
references™ together with the corresponding upper an owe(%trong compression, which result in significant deviations

limits d_er}oted by error bars and deriveq from the upper an rom a reasonable variation already at moderate compres-
lower limits for y.., y;, andyo, respectively. Thereby, the i, - ospacially in the case BE2 for Cu, Fig. 10.

""’?'“_e forI",o was kept fixed, because the _combmed UNCET™ This means, that the Barton—Stacey form gives some fur-
tainties of yy and y, cover already the region of the addi- o 5,001t 0 the previous conclusidhat both these forms

tional uncertainty inl',o. For the uncertainty ofy.,+1/6 BE2 and ER2 as well as their higher order modifications are

}/vas u?eq fg/rztht_a uncertam.ty to 'TdUde. onhth? 0”962?{‘7" thﬁot suitable for extrapolations concerning the behavior of
ower limit given at various places in the literature. “regular” solids under strong compression,

On the other hand, the upper limit 5/6 was selected some- Since the Barton—Stacey form uses as input parameters

Vi’hi%?rb'tril(l)yltot aIIpvvl ]fcor allllt%eaglln;:re?se of with x d the temperature dependent values Ky(T), Ky(T), and
_Iv g or vd . yplfiﬁ ortg | ei d’rz er type curves and 1) [see Eq.(12)], one might expect that the resulting
aso derived In some theoretical studies. form ygg(v) also depends on temperature, in contrast to the

On the b"flSi.S of ihis best estima)t&with its_“experimen- Mie—Grineisen assumptiofry/ 9T|,=0. To avoid this prob-
tal” uncertainties(denoted by error bars in Figs. 109)Ithe lem, one could argue thagss should always be evaluated

c?nhseeBthat thg use offdifferent. EOSbforEms thhle e(;/aluatiOﬂom the corresponding EOS form for the static lattice case.
of the Barton—Stacey formygs given by Eq.(12) leads o ¢ one evaluates, however, the temperature dependence of

some interesting features. First of all, both the EOS forms
AP2 and HO2 give very similar curves and approach the
expected value at very strong compression. Since these
Rurves, like all the other Barton—Stacey curves, have been

Fic. 10. Comparison ofygg values evaluated from different EOS forms Fic. 12. Comparison ofygg values evaluated from different EOS forms
discussed in the text with respect to the besy it and its likely uncertain-  discussed in the text with respect to the besy§g and its likely uncertain-
ties for Cu. ties for Au.
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n T T T T T T T
2 Au |
-3
-4
1 1 1 ) ! 1 1
0.80 0.85 0.90 0.95 1.00 0.80 0.85 0.90 0.95 1.00
X X

Fic. 13. APL scalingny , 71, and ap, for Cu based on of the Hugoniot  FiG. 15. APL scalingny , 77, and 7ap, for Au based on of the Hugoniot
datapy,, the derived isothermal pressumesand the isothermal dataup,, datapy , the derived isothermal pressuges, and the isothermal dafixp,,
respectively. The isothermal pressure figp,, represents thereby the form respectively. The isothermal pressure fof, represents thereby the form
AP2 with ultrasonic data foK, and K{. The isothermal valu&r, at ~ AP2 with ultrasonic data foK, and Kg. The isothermal valuKy  at
ambient conditions is marked by the solid dot. The error limitsgfgrand ambient conditions is marked by the solid dot. The error limitsgfigrand
pr are indicated by error bars and fpgp, almost by the sizes of the dots, pr are indicated by error bars and fpkp, almost by the sizes of the dots,
respectively. respectively.

with x=(VIVo)*3,  Pre=Preo/X°, and pggo @s given in
vgs from different isotherms represented by the form AP2Eq.(13). If one usepp, from Eq.(13) for p in this form, one
with temperature dependent input parameY&yer), Kqo(T), obtains
andK(T), one finds that the effects of temperature would
be noticeable only when the accuracy fgris better than
0.2% over the whole range of<Qv <1.05. which gives just a linear variation for “simple” solids de-
A comparison of the original Hugoniot dafg,(v) with  fined by c,=0. Since AUy,=py-AV/2—AE, can be ob-
different forms for the isothermgt ambient temperature tained from the Hugoniot datapy and from AE
can be performed now with the error estimates for both the= fZOpC(V)dV, as discussed in Sec. 1, the use of the present
original Hugoniot dat&%:°8-0062-6567-68nd the resulting best fits forys, together with the estimated uncertainties re-
uncertainties for the calculated isothermal valpgév) as  sults on the other hand in the curves labgbed which rep-
illustrated in the Figs. 13-15 for Cu, Ag, and Au, respec-resent the best estimates for the shock wave based “experi-
tively, in the form of an APL-scaling, introduced earfidf  mental” isotherms.
to represent EOS data in such a way that a linear variation is As seen in Figs. 13—15, the form AP2 wiky, and K
obtained for “simple” solids and the approach toward thefrom ultrasonic measurements near ambient conditions fits
Fermi gas limit is shown by(0)=0 with® perfectly into the “experimental” region determined from
(20) the shock wave data. The other EOS forms included in the
expanded views given in Figs. 16—18 show usually larger
deviations from the best estimate . The form BE2 shows a
tendency to result in higher valug$arger pressurgsat

Naps= —Co- X+In(1+cy-x-(1—X)), (21

n=In(p/pgg) —IN(1—X)

strong compression, whereas ER2 shows in these cases the
-2.4 T T T T T T T
] m .. Cu
= % S N -
- 355-@ > oo T
e
28 “*'x.; ~. Thew
- L LN i
Q\\‘\ —= Teea
T B s cee Tere ]
4 1 1 1 1 I 1 1 | ‘**..Ek |
0.80 0.85 0.90 0.95 1.00 | b
3.2 L
X i 3
1 1 | 1 ] I |

Fic. 14. APL scalingny, 7, and nap, for Ag based on of the Hugoniot
datapy, , the derived isothermal pressuges, and the isothermal dasp,, 0.80 0.85 0.90 095  1.00
respectively. The isothermal pressure fiy, represents thereby the form

AP2 with ultrasonic data foiK, and K;. The isothermal valuKy  at Fic. 16. APL scaling of the isothermal dapg derived from the Hugoniot
ambient conditions is marked by the solid dot. The error limitsgigrand pressurepy as discussed in the text in comparison with various isotherms
pr are indicated by error bars and fpgp, almost by the sizes of the dots, derived from the ultrasonic dal&, andKy) by the use of different EOS
respectively. forms for Cu.
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T T T T T T T TaBLE 3. Secondary parametes,, Kgo, Kig, and Cyg for the static
f.f.; 8 Ag‘ lattice with estimated uncertainties,s#0 represents thereby tHemall
77 X NN 7 deviation from the simpler first order form AP1. Effective valu€s ,,and
3.0 “'i.; - 7] Kg_100derived from fits of the best data for tfg isotherm over different
B '\1&,; . 000 T ranges in pressure by the use of effective AP2 forms are given for compari-
B ."“.,:v ------ Trsw son with theK; values of Table 1.
B ‘\\‘* 3 —= ez
B \'\‘“‘*\“ —mm Nere Cu Ag Au
3.5 : {*\ : Vgo/nm® 0.011 6181) 0.016 7581) 0.016 7361)
| T Kgo/GPa 146.47) 113.37) 183.47)
T T . ¢ Klo 5.302) 5.903) 6.03)
0.80 0.85 0.90 095  1.00 Casl 0.23 0.84) 0.54)
. . . . K(’) eﬁective(T= 300 K)
Fic. 17. APL scgllng of th_e |sotherm§I dapg de'rlved fl_’om thg Hugonlot K 020 G 5.4815) 6.30(15) 6.40(15)
pressurepy as discussed in the text in comparison with various isotherms a 5.4515) 6.2415) 6.3415)
derived from the ultrasonic da#, andKy) by the use of different EOS K(’) 0-100 GPa 5-4(115) 6-17(15) 6-27(15)
forms for Ag. 0 0-600 GPa : ) ’
K(’) eﬁective(T: 1500 K)
| K$ 0-600 GPa 6.20(15 7.3915) 7.3315)

same curvature as AP2 but with a tendency to give too smal
values under strong compression. In fact, these deviations

are similar to the deviations shown already in Figs. 10-12 . . . . . .
with respect to the corresponding values 4. was modified by the inclusion of two additional Einstein

Therefore, one may come to the conclusion that the eval f8Ms with the Einstein temperaturég;=f; - 650, with best

ation of isotherms from the shock wave data with the presenffm_ng values forf, andf,, and with the con;tralnts on t.he
best form fory(v) leads to EOS data for Cu, Ag, and Au, We'ght591292:'45 andgp=1-9;~0,=0.1in the quasi-
which are best represented by the form AP2 when ultrasonigarmomc term

data are used fok, andKy,.

Cugn=3R-| gp-7° (4-a-gg*+ 1)/(a-gp*+ )"
5. Thermal Effects for Cu, Ag, and Au

L f2 .sinh(f; 2
As mentioned earlier, the most reliable data for these three +Zi 9i- f{/(27-sinh(f; /(27)))7 . (22
elements are the data fofy andK, at ambient conditions as

given in Table 1 For the parametea, the low temperature value 0.372 was

: d in this casé An overall fit for C,,(T) and the corre-
Temperature dependent data at ambient pressure fopea ! - pOL o
Vo(T), Ko(T), KY(T), ao(T), and Cyo(T) from the spondmgl“ao——(dln Ko(T)/dT)/a(T) with the additional

literaturé”42-46.55-5Tre then used, as discussed previcusly ParameterA, for the explicit anharmonic contribution has
for the case of Cu, to derive estimates for the best values arReen presented recertignly for Cu; the results for Ag and
their uncertainties foK}, 6o, Yo, and I',o for ambient Au are S|m|I§1r. Therefore only the corresponding parameter
conditions. For a better fit of th€,o(T) data at lower tem- values are given in Table 1. _

peratures, the previous pseudo-Debye model for the phonon FOr the evaluation of the zero point energy, the “average”
internal energyU,(r) and for the corresponding specific DePye temperaturépa,= bpo-8-(a-gp+ 2ifi-gi/6) is used

heat capacityC,() with the scaled temperature=T/6p from the present second order modified Debye—Einstt_ain_ fit
(MoDE2), wherebyfp, represents the low temperature limit

of the commonly use temperature dependent Debye tempera-

[ ' ' ! ' ! ] ture according to the literature data given in Table 1, and
n bt Au | Opay from the present evaluation is given for comparison.

= I S cos T ] The parameter sets from Table 1, together with the integrated
351 ey ] form of Eq.(22), permit to derive from the room temperature

i e, o s ] data for Cu, Ag, and Au the best estimates for the static

B "‘*--.;_i’_. N lattice pressurepg(v) =pc(v) —pPz(v), Whereby the pres-

- ha . sure due to zero point motion is given Ipy(v)=(9/8)R
40 e, -y- Opay @and the corresponding values for the “average”

i \j' Debye temperatures are given in Table 1. With all the uncer-

050 ' 0.'85 ' 0.;0 ' o.les ' 00 tainties iny and py(v), the best fits ofpg(v) are given by

X the previously discussed second order form AP2 @®J)
Fi. 18, APL scaling of the isoth | degsy derived from the H - with very small values forc,g. The values for thésecond-
1G. . scaling o e Isothermal erived from the Hugonio ’ .
pressurep,, as discussed in the text in comparison with various isothermsary) parameFeryS'o’KS'O’K_S'O’CZS' are ShO\_Nn in Tgble 3.
derived from the ultrasonic da@&, andK}) by the use of different EOS A comparison of eXpe“mental data with the f'tted values
forms for Au. for Vo(T), Ko(T), Ki(T), and yo(T) corresponding to the
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Fic. 19. Comparison of experimental data fég(T), Ko(T), Ko(T), and
v o(T) from the literature(see Refs. 36, 38, 39, 42—44, 5545iith the
present best fits for Cu.

Fic. 20. Comparison of experimental data fd5(T), Ko(T), Kg(T), and
vinolT) from the literature(see Refs. 36, 41-43, 45, 5595With the
present best fits for Ag.

parameter sets of Tables 1 and 2 is given in Figs. 19-21 for At this point one should note that only one isotherm can
Cu, Ag, and Au, respectively. The special temperature debe represented precisely by the form AP2 if the thermal pres-
pendence ofy,(T) at low temperaturesr< 1) is related to  sure is evaluated separatelgs given here by the MoDE2
differing mode Grueisen parameterg;, which are repre- model withy(v) (using the parameters from Tablg Nev-
sented by just one average @aisen parametey, in the ertheless, the comparison for the 300 and 1500 K isotherms
Mie—Grineisen approach. However, due to the small valuesf Cu given in Fig. 22 illustrates that the differences are
of the thermal pressure at low temperatures, this differencsignificant only at high temperatures, when the AP2 forms
can be neglected within the present experimental accuracy aise the “effective” parameter foK,(T) from Fig. 19 and
EOS data. At higher temperaturesX1), on the other hand, the “exact” EOS form is based on the AP2 form for the
the best fit ofyo(T) is obtained with finite values for the static lattice with the parameters from Table 2 and the ther-
anharmonicity parametei, in Eq. (4). To remain within the  mal pressure evaluated within the MoDE2 model using the
Mie—Grineisen approachj, would have to be zero. How- parameters from Table 1 withs{v) from Eq.(19) and the
ever, to represent the curves fdp(T), Ko(T), Ko(T) and  parametersq, A, B, andAy, from Table 2.

vo(T) within the given experimental uncertainties also at Using this background, detailed comparisons with previ-
higher temperatures 1) finite values for §,#70 are  ously published EOS data for the present high-pressure sen-
needed as shown in Table 1. The theoretical background faor materials are straightforward. Figure 23 presents the rela-
the fitted curves justifies then extrapolations to lower andive  differences Ap/p of different literature
higher temperatures up to the corresponding melting curveslatg>°8-6567.6870.7%ith respect to the present 300 K iso-
In fact, the residues between the experimental and fitted vatherm of Cu. Similar comparisons for Ag and Au are given
ues forVy(T) amount to 200 ppm at the most, correspondingin Figs. 24 and 25, respectively, on the basis of the available
to pressure differences of less then 30 MPa near ambietiterature datg>46-58.61.65.66.72.7¢q;re 26 compares the dif-
pressure for temperatures below 1100 K. For Au this differ-ferent literature daf&*%"*and the effective AP2 form with
ence increases at 1200 K to 500 ppm or 80 MPa. the present “exact” form for the 1500 K isotherm of Au.

J. Phys. Chem. Ref. Data, Vol. 30, No. 2, 2001



526

18.0 T T T T T T
Vo(T)
(A

17.6

17.2

HOLZAPFEL, HARTWIG, AND SIEVERS

0.15 T T T T T
Aplp
0.10

0.05

16.8

® TK75

180

Ko(T)

(GPa)
160

140

T 1T 1T VT T P 1V T 17

6.5
Ko(T).
6.0

3.2 + —
% (T)

T

o
>
v Al

QO
\
\
\

\

\

1

Gr72 1
TK75 ]
1

28 e .

600 800 1000 1200 1400

T(K)

Fic. 21. Comparison of experimental data fé§(T), Ko(T), Ko(T), and
v o T) from the literaturgsee Refs. 36, 38, 39, 42, 43, 45, 55}-&itth the
present best fits for Au.

6. Discussion of EOS Data for Cu, Ag,
and Au

-0.00 M

0.05F e A >
—-— WR57 —%— AM85 --Ow- SESAME

010 —A— KK72  —tese ABB7 sss-erer M09S ]
—— MB78 —=— NM88

_0 15 1 1 1 1 1
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p(GPa)

Fic. 23. Relative deviationd p/p of different literature datésee Refs. 23,

61, 63-65, 68, 70from the present AP2 form for the 300 K isotherm of Cu.
Modifications of the present best fif», according to a possible error i

of £0.15 are indicated by two thin lines. Possible errors in the evaluation of
the shock wave data by values, which are 10% too large or too small, are
given by the dash-dotted curves.

encesAp/p with respect to the experimental and theoretical
data(refer to Figs. 23—25, respectivéyone can notice sev-
eral characteristic features:

(1) Most of the “experimental” data, representing in fact
“reduced” shock wave data, show a positive curvature with
large positive deviationd p/p at moderate pressuréselow
10—-80 GPaand rather constaithegative deviations at high
pressure. The positive deviatiofilarger pressuresfor the
reduced shock wave data at moderate pressures can be traced
back to the earlier observation that tfimear extrapolation
of us—u, shock wave data into the region below the Hugo-
niot elastic limit result, in most cases, in extrapolateg,
values, which are larger than the corresponding ultrasonic
values and therefore lead to positive deviation\@fp in
this region. Accordingly, th&/,, values are slightly smaller
than the ultrasonic valugsee also Table)lto give a better
fit of the us—u, data with the erroneouk, value. This
effect is most pronounced for the AIP handbook &afar
Cu and Au and less pronounced for the corresponding data

When the best fitted AP2 forms for the 300 K isotherms offor Ag but again clearly visible for the later détan Fig. 24,
Cu, Ag, and Au are used as baselines for the relative differ-

0.08 T T T T T
Ap) Cu

plp

0.04 T
............... Ts00K |

(X

.04} -

0.08 ! [ [ [ I

0 100 200 300 400 500 600
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0.15 T T T T T
Aplp T Ag
010 ¢ -
4 .
0.05f T T T T T T T K, +.15
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S dx,-15
-0.05 T e Ly
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L —— KK72 —+— AB87 i
1 1 1 1 1
-0.15
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Fic. 24. Relative deviationd p/p of different literature datésee Refs. 23,
58, 61, 65 from the present AP2 form for the 300 K isotherm of Ag.

Fic. 22. Relative deviation& p/p of best fitted AP2 isotherms for Cu at 300 Modifications of the present best filp, according to a possible error Ky,

K and 1500 K based on the “effective” valudg,(T) for the range 0—-600

of +0.15 are indicated by two thin lines. Possible errors in the evaluation of

K given in Table 3 with respect to “exact” isotherms based on an AP2 form the shock wave data by values, which are 10% too large or too small, are
for the static lattice pressure and the additional thermal pressure correctiongiven by the dash-dotted curves.
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Fic. 25. Relative deviationd p/p of different literature datésee Refs. 23,

46, 61, 66, 73 from the present AP2 form for the 300 K isotherm of Au. FIG. 26. Relative deviationd p/p of different literature datéRefs. 46, 66,
Modifications of the present best filp, according to a possible error iy, 74) from the present AP2 form for the 1500 K isotherm of Au.

of =0.15 are indicated by two thin lines. Possible errors in the evaluation of

the shock wave data by values, which are 10% too large or too small, are

given by the dash-dotted curves. (4) With these uncertainties of the reduced shock wave

data in mind, one can see that the shock wave data possibly
justify a reduction of the “best’K value by 0.1 for Cu in

where the difference for the higher pressure tatecomes  Fig. 23 and no modification for Ag in Fig. 24. For Au in Fig.
indeed very small. 25, there is the conflict between the reduced shock wave data

Similarly, the difference with respect to the most recentand the theoretical data. The reduced shock wave data alone
theoretical daf® for Cu in Fig. 23 becomes rather small in may justify a reduction oK by up to 0.3 corresponding to
the 200-500 GPa range. The SESAME datn the other 5%, but such a reduction would be in contrast to the ultra-
hand show an almost constant 10% deviation in this pressurgonic data and more so with respect to the theoretical’data.
range. (5) Similarly, one can notice in Fig. 26 differencAp/p

For Au in Fig. 25, one can notice for the reduced shockof +18% at low pressures and10% at high pressure for the
wave dat&’ at the highest pressure a large negative deviatiod500 K isotherms of Au given in the literatdPé&® 7 with
but about the same positive deviation for the more recentespect to the present best fit based on an AP2 form for the
datd® based on modern total energy calculations. One castatic lattice and detailed modeling of the thermal pressure.
see also, that an earlier attefffib evaluate both ultrasonic The effective AP2 form for this 1500 K isotherm based on
and shock wave data together lead primarily to a shift of thehe same values ofy(T) andKy(T), but with the adjusted
corresponding\ p/p data to lower values with respect to the value forK(T) given in Table 3, shows even larger devia-
original evaluatiorf! A better fit with respect to the initial tions at moderate pressures50 GPa, but minor deviations
Ko value was obtained in this way, however, with ratherin the range from 50 to 150 GPa. However, it is not clear
large deviations around 100 GPa. whether this improvement is significant or represents only an

(2) Whereas the uncertainty in the extrapolakeq, values  artifact.
explains the deviations at low pressures, the uncertainties in (6) One may notice that the set of reduced shock wave
y(v) needed in the reduction of the shock wave data camlata®? which was used to calibrate the ruby luminescence
explain most of the differences at higher pressure10%  line shift with x-ray diffraction on Cu and Ag, shows here in
uncertainty iny is illustrated in Figs. 23-25 by the dash— both cases a negative difference of about 2% at 50 GPa with
dotted lines representing the differences, which would beespect to the present AP2 estimate. This is about the same
obtained from the same Hugoniot pressure data just by theghifference observed with different reference materials in later
uncertainties in the thermal corrections. Since the fiduciatalibrations of the ruby scale:"
valuesy; at higher pressures are estimated with typical un- (7) While the use of the form AP2, E4L3), for the room
certainties of only 10%, one may conclude that the comparitemperature isotherms for Cu, Ag, and Au with the ultrasonic
son of the Hugoniot pressures with the more accurate ultradata for Kq and K| is fully compatible with the reduced
sonic data at moderate pressures leads primarily tshock wave data, both the Birch BE2 and the Vinet ER2
constraints ony(v) but not to very accurate values for the forms lead to divergences at strong compression, not only in

isothermal pressures. the isotherms but also in the forms for based on the
(3) Instead of this decoupling between the Hugoniot presBarton—Stacey form.
sure datapy and the isothermal data;, very often in the (8) The use of the complete thermodynamic model with an

past isothermal datp; had been used with the same kind of AP2 form for the static lattice pressure and a MoDE®di-
Slater form to couplept to y(v). In this way, a self- fied Debye Einsteinmodel for the lattice contribution in the
consistent procedure was used to evaluptefrom py . Mie—Grineisen approximation with explicit anharmonic cor-
However, this procedure depends on the assumption that thiections results in isothernms,g also for elevated tempera-
ves IS the correct form and thus introduces an additionaltures up to the melting curves. It is noted, that all these
uncertainty in the evaluation gf; data. isotherms are also well represented by the AP2 form with
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TaBLE 4. Secondary parameters for Cu, Ag, and Au for the calculation of isotherms with the effective AP2 form(@B)Eq.

Cu Ag Au

TIK  Vo(TInm®  Ko(T)/GPa  K{(T)o—soocra Vo(T)/NM®  Ko(T)/GPa  K{(T)o—soocra Vo(T)/NM®  Ko(T)/GPa  K{(T)o—600 Gra

0 0.011 696 4 142.31 5.31 0.0168439 110.85 6.00 0.016 7905 180.93 6.08
10 0.011 696 4 142.31 5.31 0.016 8439 110.85 6.00 0.016 790 6 180.93 6.08
50 0.011698 4 142.05 5.31 0.0168512 110.31 6.01 0.016 798 4 179.94 6.09

100 0.0117120 140.73 5.32 0.0168815 108.68 6.03 0.016 8238 177.51 6.11
150 0.0117335 138.99 5.34 0.016 9210 106.83 6.05 0.016 8550 174.86 6.13
200 0.011 7589 137.10 5.36 0.016 964 4 104.91 6.08 0.016 8885 172.16 6.15
250 0.011786 3 135.17 5.38 0.017 009 9 102.96 6.12 0.016 9232 169.43 6.17
300 0.0118150 133.20 5.40 0.017 0570 101.00 6.15 0.016 959 0 166.70 6.20
350 0.0118448 131.21 5.42 0.0171055 99.03 6.19 0.016 9956 163.96 6.23
400 0.0118755 129.21 5.45 0.017 1553 97.05 6.22 0.0170329 161.21 6.25
450 0.011906 9 127.20 5.47 0.017 206 3 95.07 6.26 0.0170710 158.46 6.28
500 0.0119391 125.18 5.50 0.017 258 5 93.07 6.30 0.017 1098 155.70 6.31

temperature dependent parameterg(T), Ko(T), and in digital form to this website would be gratefully acknowl-
Ko(T), with systematic deviations of less than 0.25% inedged with due reference to their origin to be used for the
pressure in the case of Cu at room temperature and less thartension of this database.
0.35% for Ag and Au at pressures below 100 GPa. The val-
ues forpyc are considered to be more reliable than the ef-
fective AP2 forms and some of the differences illustrated in
Fig. 26 for the semiempirical curfreflect just this differ-
ence between the presepy data and the effective AP2 !S. Eliezer, A. Ghatak, H. Hora, and E. Telldm Introduction to Equa-
forms. tions of State: Theory and Applicatioi€ambridge University Press,
(9) If the ultrasonic data folKy(T) are used in fits of Cambridge, 1986 [It should be noted that the form E¢f) for the Hugo-
effective AP2 forms to the calculates,g data for the pres-  niot pressure given in this paper on p. 2HJ. (15.52] includes a mis-

print in its denominator, wher& must be replaced bi.]
sure ranges from 0 to 20, 0 to 100, and 0 to 500 GPa, e, Falk, Physik—Zahl und RealitdBirkhauser Verlag, Basel, 1990

spectively, one obtains the “effectiveKy(T) values of  3G. carringtonBasic Thermodynamio©xford University Press, Oxford,
Table 3(lines 7-9, which indicate that any of the simple  1994. o
EOS forms for isotherms at finite temperatures give fits with J- M- Besson and W. B. Holzapfel, “"Pressure Determination,” p. 47, and

. . , . “Techniques for the Study of Physical Properties,” p. 57 High Pres-
dlfferlng K0 (and KO) values, dependlng on the range of sure Techniques and Physiaxdited by W. B. Holzapfel and N. Isaacs

pressures for the input data. (Oxford University Press, Oxford, 1997
(10) For (future) pressure measurements in the 500 GPa’W. B. Holzapfel, High Press. Re6, 81 (1998.

range with the ambition to obtain an accuracy of better than V. N. Zharkov and V. A. Kalinin,Equations of State for Solids at High
% | th | f il h to b Pressure and Temperaturé@onsultan_ts Bureau, New York, 1971
1% in pressure, the complefgys forms will have to be 7 g Holzapfel, 3. Phys. Chem. Soliés, 711 (1994.

used, especially at elevated temperatures. It would appear tek. V. Khishchenko, C. E. Fortov, and I. V. LomonosoHigh-
be interesting now to compare the present EOS data for Cu, Temperature, High-Pressure Equation of State for Polymer Matenigds

Sy : : .+ 103-106 in:Shock Compression of Condensed Mattelited by Schmidt,
Ag, and Au in x ray measurements with hydrOStatIC media in Dandekar, and Forbe€'he American Institute of Physics, Woodbury,

an extendecp—T range up to the melting curves to obtain 1997,
consistent EOS pairs for bofhand T measurement just by  °J. Xie, St. de Gironcoli, St. Baroni, and M. Scheffler, Phys. ReS9B65
the use of x-ray diffractiod®’’ (1999.

. 10p  C. Wallace, Thermodynamics of CrystaiViley, New York, 1972.
(11) For a practical use of the present EOS data, Table 4y B Holzapfel(unpublished

provides the input data foro(T), Ko(T), andKo(T) for Cu,  12G. A. Gschneidner, Jr., Solid State. Phys, 275 (1964).
Ag, and Au. Intermediate values can be produced with aﬁV P. Kopyshev, Sov. Phys.-DoKLO, 338 (1965.
cubic spline to also obtain the values for the representatiop,M- R0ss. Rep. Prog. Phyég, 1 (85). _

f isotherm by an effective AP2 form. optimized for the R. M. Moore, K. H. Warren, D. A. Young, and G. B. Zimmermann, Phys.
of any iso y » 0p Fluids 31, 3059(1988.
pressure range up to 500 GPa. For temperatures above 58(1. Ross and D. A. Young, Ann. Rev. Phys. Chetd, 61 (1993.
K, the accuracy of this approximation decreases as illustratetjYu. V. Petrov, High Press. Res1, 313 (1994.
in Fig. 22. For the best accuracy at higher temperatures thgS: Visvanathan, Phys. Regl, 626 (1951.

|‘ . . . f the isoth S. L. Thompson and H. S. Lauson, Sandia Corporation Livermore Report

complete Mle—Gr_uelsen representation of the isotherms sc rr.7107141972 (unpublished
should be used with the parameters given in Tables 2 and 3p. R. Couchman and C. L. Reynolds, Jr., J. Phys. Chem. Sa6id834
A website, www.EOSdata.de, is planned which allows one tq (1975.

_ _ 1B. I. Bennett, J. D. Johnson, G. I. Kerley, and G. T. Rood, Los Alamos
calculatep p(V,T) orv V(p,T) for Cu, Ag and Au from Scientific Laboratory, Report LA-713(978 (unpublished
the present input dat@s given in Table 11 228, K. Godwal, S. K. Sikka, and R. Chidambaram, Phys. Req®, 121,

The transfer of EOS data for solid phases of the elements (1983.
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